Earlier studies showed that exposure of the isolated urinary bladder of the toad to vasopressin produces striking increases in passive permeability to water and urea as well as increases in active transport of Na-(1-4). Bentley (5) observed that raising the concentration of Ca++ in the serosal bathing medium depressed the response to a 1 mU per ml concentration of vasopressin, as measured by the flow of water along a fixed osmotic gradient. In a later study, he reported that Ca++ failed to antagonize the action of vasopressin on active sodium transport (6) . The nature of the antagonism was not explored further.
A detailed study of Ca++ inhibition of the action of vasopressin in vitro should provide additional evidence bearing on the single site theory advanced by Koefoed-Johnson, Ussing, and Andersen on the basis of studies on anuran skin (7, 8) . According to their hypothesis, transepithelial movement of water and small solutes is limited by a diffusion barrier and a porous barrier arranged in series. The neurohypophyseal hormones increase the pore diameter of the porous boundary, thus producing marked decreases in the resistances to the bulk flow of water and to Na+ transfer, as well as significant increases in the permeability coefficients of urea and related small nonelectrolytes. Leaf and his collaborators (3, 4, (9) (10) (11) , in an extensive series of studies, also found that the pore theory can be applied to the action of vasopressin on the movement of water and urea across the toad bladder. Bentley's findings, however, suggest that the effect of vasopressin on Na+ transport is not a simple consequence of increased porosity at the surface of the epithelial cells. Three possibilities are raised by these observations: a) Vasopressin may contain two active sites, one of which regulates water transport (subject to Ca++ inhibition) and the other Na+ transport (not subject to Ca++ inhibition); b) Na+ may enter the cell via a nonaqueous pathway that is also altered by vasopressin, while not subject to Ca++ antagonism; or c) vasopressin may have a separate action on the Na+ pump, and Ca++ has no effect on the pump site. Because of these possibilities, we elected to explore the modifying effects of Ca++ on the action of vasopressin in further detail and to examine these effects on all three parameters in the domain of vasopressin action, namely, resistance to osmotic flow of water, the permeability coefficient of urea, and the active transport of Na+.
In addition, because of the recent demonstration by Orloff and Handler (12) of a dramatic correspondence between the effects of adenosine-3',5'-monophosphate (cyclic AMP) and vasopressin on the movements of Na+ and water across the toad bladder, and their suggestion that this nucleotide is an intermediate in the action of neurohypophyseal hormones, we also investigated the effect of an increased serosal Ca++ concentration on the activity of this compound. Our 30 -minute intervals and assayed for radioactivity to determine the mucosal to serosal flux of urea. Radioassay was performed in a 2,5-diphenyloxazole (POP), 1,4-bis-2-(5-phenyloxazolyl) benzene (POPOP) system with a liquid scintillation spectrometer. 4 The urea permeability coefficient, calculated according to the method of Maffly, Hays, Lamdin, and Leaf (3), was determined for two periods before the Ca++ concentration of the serosal medium of the experimental hemibladder was raised, again for two periods after this change, and finally for two periods after the addition of vasopressin (final serosal concentration of 1 or 100 mU per ml).
In a series of control experiments on paired hemibladders, urea flux and Na+ transport were measured in a fashion identical to that described above, but without alteration of the serosal Ca++ concentration.
Results
Osmotic flow of water. The results of an experiment are detailed in Table I tion of the serosal solution bathing the experi-A separate set of nine experiments, employing mental hemibladder was raised to 10 mmoles per a similar protocol to that described above, was L. The loss of weight in the experimental hemi-performed in which the Ca++ concentration was bladder during this period was less than in pe-increased to 10 mmoles per L on the mucosal surriod 1, whereas the loss of weight in the control face of the experimental hemibladder during pebladder was slightly greater than in period 1. riod 2. At a vasopressin concentration of 1 mU As a consequence, the ratio of weight losses fell per ml and a mucosal concentration of Ca++ of 0.5 to 0.02. mmoles per L in the control hemibladders and of
The effect of Ca++ on vasopressin-induced os-10 mmoles per Lin the experimental hemibladders, motic flow of water is shown in Table II . The re-the ratio of the increments in osmotic flow was sults were calculated as shown in Table I . The 1.15 + 0.18 (mean + SE of the mean). The ramean response to 1 mU of vasopressin per ml of tio of flows during period 1 when both hemibladsolution was depressed by 60 to 657o when Ca++ ders were exposed to mucosal Ca++ concentrations was raised from 2.7 to 10.0 mmoles per L. At this of 0.5 mmoles per L was 1.12 + 0.12. Thereconcentration of vasopressin, the inhibitory ac-fore, changes in mucosal Ca++ had no effect on the tion of Ca++ was highly significant (p < 0.001). vasopressin-mediated increase in osmotic flow of In contrast, at a concentration of 66 mU per ml water. in 10 mM Ca++, the ratio of response was only Table III shows the results obtained in experiabout 8%o less than unity and did not differ sig-ments that tested the effect of raising the Ca++ nificantly from the control ratio (p > 0.2).
concentration of the serosal medium to 10 mmoles per L on the action of cyclic AMP (1 mM) on per ml of vasopressin the average increase in osmotic flow of water. The augmentation of the the urea permeability coefficient was 214 X 10-7 rate of osmotic flow by this nucleotide was not cm per second; the pretreatment value averaged impaired by raising the Ca++ concentration of the 12 X 107 cm per second. The ratio of the increserosal solution. ment in the coefficient of the experimental hemiUrea permeability. An initial series of experi-bladder to that of the control hemibladder proments was performed in which the concentration vided an index of the effect of Ca++ in the groups of Ca++ in the serosal medium of both hemiblad-of experiments in which its concentration was ders was maintained at 2.7 mmoles per L. The altered. It is evident from the fact that the exresults are shown in the first and third rows of perimental: control (E: C) ratios approached Table IV . The increment in the urea permeability unity, both at vasopressin concentrations of 1 mU coefficient for each hemibladder was obtained by per ml and 100 mU per ml, that the increments in subtracting the value obtained before addition of urea flux produced by the hormone were comparavasopressin from the peak value after its addi-ble in paired hemibladders when the Ca++ contion. At 1 mU per ml of vasopressin the average centration was unaltered. At a vasopressin conincrease in the urea permeability coefficient was centration of 1 mU per ml, however, raising the 115 x 10-7 cm per second; the pretreatment value Ca++ concentration to 10 mmoles per L depressed averaged 22 X 10-7 cm per second. At 100 mU this ratio by 40 to 45% (Table IV) . The dif- (Table   V) had no effect on the response to 1 mU per ml of vasopressin, since the average quotient was also 1.0 + 0.04. In a similar set of experiments at vasopressin concentrations of 100 mU per ml (Table VI) , the postvasopressin to prevasopressin ratio was close to unity at equal Ca++ concentrations of 2.7 mmoles per L. No change in the quotient was observed when the serosal Ca++ concentration of the experimental hemibladder was raised to 10.0 mmoles per L (mean + SE of the mean: 1.04 ± 0.06).
Because of the possibility that calcium antagonism of vasopressin-stimulated Na+ transport might be manifest only in the presence of an osmotic gradient, with its attendant cellular changes, a series of experiments was performed to examine this point. Standard Ringer's solution, diluted 1: 5 with distilled water, was placed on the mucosal surfaces of paired hemibladders. The serosal side of the control hemibladder was bathed by standard Ringer's solution and that of the experimental hemibladder by standard Ringer's solution with 10 mM CaCl2 substituted for an osmotically equivalent amount of NaCl. Short These data confirm the earlier observations of Bentley (6) and, in addition, show that Ca++ at concentrations greater than 8 mmoles per L does not alter the response of the scc to vasopressin either at low (1 mU per ml) or high (100 mU per ml) concentrations. These findings in themselves, however, do not prove that Ca++ dissociates the action of vasopressin on water flow from its action on active Na+ transport, since it is possible that even at 1 mU per ml, the vasopressinresponsive element was saturated as far as the effect on Na+ transport was concerned. To eliminate this objection, it was necessary to demonstrate that the increase in scc at vasopressin concentrations of 1 mU per ml is measurably smaller than the increase at 100 mU per ml. Accordingly, the fractional rise in scc (i.e., scc at peak of response to vasopressin minus scc at base line just before the addition of vasopressin divided by the base-line value) in response to 1 mU per ml and 100 mU per ml was measured in separate hemibladders after the scc's had achieved stable values. The results, summarized in Table VII, indicate that at 1 mU per ml of vasopressin the fractional rise in scc was 30% less than the rise at 100 mU per ml. The difference was significant at the 0.1% level. As indicated above, the vasopressinsensitive element with respect to urea diffusion is not saturated at a concentration of vasopressin of 1 mU per ml. Previous studies have also shown that raising the concentration of vasopressin from 1 to 100 mU per ml produces a significantly greater effect on osmotic flow of water (16) .
Discussion
An impressive body of evidence has been accumulated in support of the thesis advanced by Koefoed-Johnsen and Ussing (7) that vasopressin accelerates the rate of osmotic flow of water across anuran skin by enlarging the cross-sectional diameter of aqueous channels that penetrate the outer-facing cell membrane of the skin. This evidence can be summarized as follows: 1) The probable existence of pores traversing the epithelial cell membrane of anuran skin was inferred from the observation that the unidirectional flux of water and thiourea is retarded in proportion to the net flow of water (solvent drag) (8) .
2) Tracer studies indicated that vasopressininduced increases in net water flow under the impress of a fixed osmotic gradient involve an increase in hydrodynamic rather than diffusional flow of water (7) . These results fit the postulate that vasopressin reduces the resistance to osmotic flow and implies an effect on pores.
3) The permeability coefficient for net flow of water under an osmotic gradient (unit = MI. cm-2 sec-1/osmotic pressure gradient) is increased fourfold at the outer surface of the anuran skin by the addition of vasopressin (17) . 4) Studies on the swelling of the epithelial cells of the toad skin have shown that the equivalent pore radius of the outer surface was increased from 4.5 to 6.5 A by vasopressin as judged by the response to probing molecules of graded size (18) . The experiments of Hays and Leaf (9-11) on the isolated urinary bladder of the toad gave results compatible with the pore hypothesis. They reported that the net flow of water in the presence of vasopressin is proportional to the osmotic gradient, that the epithelial cell volume is increased by vasopressin, and that the rate of tissue labeling by tritiated water placed on the mucosal side of the bladder is increased by vasopressin. These studies, as well as earlier data derived from tissue labeling with urea C14 and isotopic water by NMaffly and associates (3), also indicate that vasopressin acts by altering the permeability characteristics of the mucosal surface of the bladder epithelium. In addition, Whittembury, Sugino, and Solomon (19) found that high concentrations of Ca++ reduced the vasopressin-mediated increase in equivalent pore radius in slices of Nectutruls kidney. The finding that vasopressin is highly specific in its effects on increasing the permeability of the mucosal surface of the toad bladder to a variety of small amides has been cited in support of the Andersen-Ussing concept of a permeability barrier made up of a diffusion and a porous barrier in series, the porous barrier being subject to modification by vasopressin (10) .
With these observations, it is possible to account for the depressant effect of high concentra-tions of Ca++ on vasopressin-induced increases in osmotic flow of water and the mucosal to serosal unidirectional flux of urea by assuming that Ca++ competes with vasopressin, or an intermediate, for binding sites in the porous mucosal barrier. This explanation would account for the reversibility of the Ca++ effect on both water flow and urea diffusion (cf . Tables II and IV) . One feature of the comparative action of vasopressin on water flow versus urea diffusion that is still open to question is the lesser effect of Ca++ on urea diffusion at low concentrations of vasopressin and the failure to observe complete reversibility at high concentrations. Although our studies do not provide a satisfactory answer to this question, it is still possible to examine the mechanism of the Ca++ effect further by analysis of the data on active Na+ transport as measured by the short-circuit technique. Frazier, Dempsey, and Leaf (20) have confirmed that vasopressin induces proportionate increases in scc and the unidirectional mucosal to serosal flux of sodium.
In general, three possible explanations for the observed divergence in the effect of Ca++ on vasopressin-induced increases in osmotic flow of water and transepithelial urea diffusion and its effect on active Nat transport are available:5 1) The vasopressin molecule may contain two active sites, one of which exerts an effect on water and urea migration across the mucosal face of the epithelium and another which determines the action on Na+ transport. In this case Ca++ may reversibly bind to the determinant of the effect on water and urea movement but not to the determinant of the effect on Na+ transport. 2) There may be two modes of passage across the mucosal boundary: a porous barrier modified by vasopressin to facilitate water and urea movement and a site for Nat migration that is also subject to the action of vasopressin. In this case Ca++ may competitively block the access of vasopressin to the sites of water and urea transit but not to the site of Na+ entry. 3) Vasopressin, or an intracellular intermediate generated by vasopressin, may have two sites of action: one on the mucosal barrier, which determines the rate of passage of water, small amides, and, perhaps, Na+ into the epithelial cells, and the other on the Na+ pump postulated to be located in the serosal face of the epithelial cells. In this case Ca++ may competitively block the action of vasopressin on the mucosal diffusion barrier but have no effect on the action of the Na+ pump.
The first possibility may be evaluated by comparing the affinity constants (Ka) for Ca++ interaction with peptide substitutents to the derived constant based on the observed effect of Ca++ on the action of vasopressin on water flow. There are two relevant equations:
If vasopressin is univalent, [1] Ca++ + 2V-=Ca(V)2, and Ka = r V 1 1 1 VLI VI Ca++ [2] Vo denotes the total vasopressin concentration;
V, the free vasopressin concentration; and Ca++, the free ion concentration. In the first instance (Equation 1) Ka would have to be > 102 to explain the observed magnitude of inhibition, and in the second, KG would have to be > 2 X 102. From model systems it has been inferred that K0 for Ca++: COO-is 1005, for Ca++: NH it is 100°2, and for Ca++: RS-it is < 100°2 (21). It appears unlikely, therefore, that Ca++ binding to vasopressin accounts for a significant part of the observed effect on water flow. The second possible explanation for the divergent effects of Ca++ is based on the postulate of Frazier and associates (20) that Nat crosses the mucosal face of the bladder epithelial cells via a saturable pathway rather than by simple diffusion through water-filled pores. The evidence quoted in support of this postulate is as follows: a rise in mucosal Na+ concentration up to 60 mEq per L evoked an increase in active Nat transport and in the Na+ content of the bladder wall, whereas a further rise from 60 to 114 mEq per L failed to increase either transport or the intracellular concentration of Na+. A critical element in this argument is the inference that saturation of the Na+ transport system 6 occurred at a mucosal concentration of Na+ of 60 mEq per L. In a single experiment, Frazier and co-workers (20) found that the scc reached a limiting value when mucosal Na+ was raised from 20 also has no effect on cyclic-AMIP mediated increases in osmotic flow of water, neither of these explanations 6 The Na+ transport system is assumed to include both the diffusion step at the mucosal surface and the extrusion mechanism at the serosal surface of the epithelial cells. 7 Frazier and Hammer (25) recently reported that vasopressin significantly increases the rate of loss of Na24 across the mucosal boundary but has no effect on efflux across the serosal boundary of the toad bladder prelabeled with Na24. With the assumption of a common cellular pool of Na+ as a basis, they concluded that the action of vasopressin on Na+ transport is the result solely of an increase in the permeability to Na+ of the mucosal boundary. (20) , the intracellular (epithelial) concentration of Na+ was calculated from radiosodium dilution, an indirect procedure that has not been verified by an independent method. The tracer-kinetic studies of Curran and associates (24) are based on a number of assumptions, some of which have not been checked directly as yet. Accordingly we have elected to consider the third possible explanation, namely, that vasopressin has two separate sites of action, in some detail.
The third possible explanation is based, in part, on the evidence presented by Orloff and Handler (12) that vasopressin produces its effects by regulating the rate of production of cyclic AMP. These authors showed that cyclic AMP mimics the effects of vasopressin on osmotic flow of water and on the scc across the toad bladder. In addition, both cyclic AMP and vasopressin increase phosphorylase activity in the toad bladder (26) . Brown, Clarke, Roux, and Sherman (27) have recently demonstrated stimulation by vasopressin of cyclic AMP production in homogenates of dog kidneys. Since active Na+ transport is metabolically dependent (14) and since exogenous substrates (e.g., glucose, pyruvate, lactate, beta hydroxybutyrate) augment the rate of active Na+ transport after prolonged in vitro incubation (28) , it is conceivable that vasopressin may modify the activity of the Na+ pump via effects on the intracellular supply of substrate. Evidence compatible with the possibility of a direct action of vasopressin on the Na+ pump has been reported by Goodfriend and Kirkpatrick (29), who found that vasopressin increased the rate of oxidation of glucose and pyruvate by the isolated toad bladder in Na+-free media. In this instance the demonstration of an effect of the hormone on cellular metabolism obviously could not be related to an increase in the intracellular pool of (30) have shown that the cyclic AMP-generating system is bound to the membranous component of cells. Since Ca++ does not block the action of cyclic AMP on water flow, the discrepancy in the effect of Ca++ on vasopressin-induced movements of water and Na+ could not be explained by a vasopressin catalyzed production and release of cyclic AMP at a single site in the cell. A possible hypothesis of hormone-Ca++ interaction is depicted in Figure 2 .
In essence, the hypothesis shown in Figure 2 suggests that the.initial step in the modification of the mucosal barrier to water and urea, and perhaps to Na+, is the attachment of vasopressin to a finite set of receptor sites. The same sites are assumed to be capable of binding Ca++, leading to competitive inhibition of the antidiuretic action of the hormone (see Table II ). Consequent to hormonal attachment Ca++ is displaced from the receptor sites, and the production of cyclic AMP ensues. The pore geometry of the mucosal membrane is then altered by an as yet undefined sequence of events fostered by cyclic AMP. Dicker and Eggleton (31) and Thorn (32) L produced a lesser depression in the hormonal effect on urea diffusion that was not statistically significant. In contrast to the effects on water and urea, raising the concentration of Ca+ had no influence on the action of vasopressin on active Na+ transport. The ability of Ca++ to dissociate the effects of vasopressin on water and urea from the effect on Na+ transport implies a divergence in the action of the hormone that requires a modification of the unitary hypothesis. Two alternative possible explanations have been presented, taking into account the absence of an effect of Ca++ on the action of adenosine-3',5'-monophosphate (cyclic AMP) on osmotic flow of water.
